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Abstract
Liquid molding is a versatile composite family of processes largely used in naval and 
automotive industries. In these processes, a polymeric resin is forced through a mold cavity 
previously filled with a reinforcement medium. In several cases, the impregnation stage 
may be too long and, to avoid that a flow-mesh (FM) may be placed over the reinforcement. 
This FM has very high permeability and high porosity, thus the resin first advances inside 
it and then impregnates the reinforcement medium. The FM commonly covers the entire 
reinforcement medium, however this may not the best solution for all situations, since 
it may produce an irregular resin flow front inside the mold cavity, resulting in void 
formation or waste of resin. This work performs a study on the most suitable FM length, in 
relation to the mold length, for rectilinear injections. Main goal is to produce a data set to 
determine FM length based on mold thickness and in-plane to transverse permeability ratio 
( ψ = Kxx∕Kzz ). Results have shown that for common industrial application, where ψ ∼ 10 , 
mold length must be 2.5 times as long as the FM for thick reinforcements. Moreover, for 
more extreme cases, with ψ ∼ 1000 , this value may reach 25.
Keywords Flow-mesh length · Numerical modeling · Thick reinforcement
1 Introduction
In Liquid Composite Molding (LCM), a polymeric resin is forced through a mold cavity 
previously filled with a fibrous reinforcement medium. After the resin impregnation, cure 
process takes place and final produced piece usually does not need any finishing. Among 
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the many processes that can be classified as LCM, Resin Transfer Molding (RTM), 
Light-RTM and Vacuum Assisted RTM (VARTM) are some examples of this family of 
manufacturing processes [1].
Depending on the composite geometry and the physical property of resin and 
reinforcement, injection problems may produce low quality composites. Most common 
difficulties are associated with long cycles, void formation and non-homogeneous 
impregnation of the reinforcement medium. In an attempt to minimize cycle duration a 
permeable layer is placed over the reinforcement medium to facilitate resin impregnation. 
When this layer is disposable, and removed after composite fabrication, it is usually called 
flow-mesh (FM), however, when it is an embedded medium that will integrate the final 
produced composite, it is more commonly found in literature as distribution medium, 
diffusion medium or flow medium [2]. The former is the focus of this work.
There are many examples for the use of FM in LCM processes. In the LRI, where a 
rigid inferior mold is closed with a vacuum bag and reinforcement compression is obtained 
with vacuum, it is difficult to control thickness and fiber volume fraction of the produced 
composite [3]. According to [4], due to the limited driving force (i.e. the vacuum pressure), 
infiltration takes longer in LRI processes which is a disadvantage in the production of large 
composites. So, the high permeability FM is placed over the reinforcement medium, forcing 
the resin flow to advance first through this FM and then to infiltrate the reinforcement 
from both transverse and in-plane directions. However, this faster flow through the FM 
produces an irregular flow front advance inside the reinforcement medium that may 
bring impregnation problems[5].  As reported in [6], the FM can be used in VARTM to 
manufacture large composites, however transverse impregnation through the thickness of 
the fibers will produce an irregular profile similar to the schematic flow behavior shown in 
Fig. 1. Moreover, according to [7], the use of a continuum FM all over the reinforcement 
will only work for pieces with simple geometry.
An interesting study about the use of a distribution medium in parts with complex 
geometry is presented in [7]. According to the authors, the use of a distribution medium to 
cover the entire composite surface will produce race-tracking channels along the edges and 
voids will eventually be formed. A predictive tool has been used in the development of a 
methodology to determine the correct positioning of the distribution medium. Results have 
shown that an adequate choice for the size and position of the distribution medium is more 
adequate than the usual practice of covering the entire reinforcement with the distribution 
medium, which usually work for parts with simple geometry only.
Agogue et al. [8] performed a set of experiments to determine transverse and in-plane 
permeabilities of reinforcements used in the VARTM process. To validate their results, 
experimental and numerical runs have been compared for reinforcements with and without 
the distribution medium. Computational domain of the numerical solution is very similar 
Fig. 1  Computational domain
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to the one presented in current work. Distribution medium is placed over the reinforcement 
and resin is injected from the lateral boundary. Flow advance is tracked near the top and 
bottom boundaries of the computational domain and the non-rectilinear flow front profile 
is observed. The irregular flow advance problem is identified, however analysis of the most 
suitable distribution medium length has not been performed.
In this context, the correct positioning and sizing of the high permeability medium, used 
as flow promoters in LRI processess, is an important issue when void formation and non-
homogeneous infiltration must be avoided. So, in this work, mold to FM length ratio, 
∼
xf  , is 
investigated and determined as a function of the reinforcement thickness and the in-plane 
to transverse permeability ratio. The 
∼
xf  value represents the minimal mold length needed to 
guarantee that a rectilinear flow front is formed just before the mold outlet section.
2  Problem Description
In present work, resin injection is formulated assuming that the reinforcement region can be 
modeled as a porous medium with in-plane permeability Kxx  (m2), transverse permeability Kzz 
 (m2) and porosity ε . Resin is defined based on its density ρ (kg/m3) and viscosity μ (Pa s). 
The FM region is formulated as an empty channel, a reasonable approximation, through which 
resin advances first and later enters the reinforcement medium from top to bottom along the 
fibers transverse direction.
Fluid flow has two phases (resin and air) and is assumed incompressible and laminar. 
Computation domain shown in Fig. 1 shows the reinforcement medium and FM regions for 
the problem. Reinforcement medium has length L (m) and height h (m) and FM region has 
length Lfm (m) and height hfm (m).
Multiphase fluid flow is formulated using the Volume of Fluid (VOF) method [9].  In 
this model, only one set of transport equations, continuity and momentum, is solved for 
both fluids and physical properties are averaged as a function of a new defined variable, 
the volume fraction of resin (air volume fraction is then calculated as 1—f). According to 
the proposed model simplification, continuity, momentum and volume fraction transport 
equations are given, respectively, by
where the not yet defined variables are the time t (s), velocity vector ��⃗V(m/s) pressure p 




(Pa) and the resin volume fraction f.
Force term �⃗F in Eq.  (2) is used to include the porous medium resistance to the flow 
and is defined only in the reinforcement medium (hatched region in Fig. 1). It is derived 
from Darcy’s Law which correlates flow velocity in a porous medium with the associated 
pressure drop, thus it is possible to write




+ ∇ ⋅ (ρ��⃗V ��⃗V) = −∇p + ∇ ⋅
=




+ ∇ ⋅ (f ��⃗V) = 0




K is the permeability tensor  (m2).
Since there are only two phases in the current fluid flow model and fluids are immiscible, 
volume fraction f is defined as the resin volume fraction. Thus, if f = 1, only resin exists in 
a determined control volume (assuming a Finite Volume discretization), if f = 0, only air 
exists and if 0 < f < 1, both phases occupy the control volume. Physical properties are then 
averaged based on volume fraction definition such as
Boundary conditions for the problem can also be observed in Fig. 1. At the inlet section, 
constant pressure, p = pin, and volume fraction, f = 1, are prescribed. No variables change 
in flow direction is applied to the outlet section, 𝜕��⃗V∕𝜕n = 𝜕f∕𝜕n = 0(n is the normal to 
the boundary direction). The wall boundary condition assumes no slip, ��⃗V = 0 , for the 
fluid flow and no penetration for the volume fraction, f∕n = 0 . Physical properties and 
process variables used in all simulations are defined in Table 1.
Physical properties and process variables used in all simulations are defined in Table 1.
3  Discretization and Numerical Solution
A Finite Volume (FV) solution, using OpenFOAM software [10] has been used in present 
work. More specifically, interFoam solver, which has the VOF implementation in OpenFOAM 
was used. According to the interFoam tutorial, time control can be performed based on the 
Courant Number (Co), which is recommended to be limited to 0.5 at the fluids interface and to 
1 in the other regions. In this work, Co was set to 0.5 all over the computational domain. Main 
solver parameters used in all simulations are summarized in Table 2.
Computational domain shown in Fig.  1 was discretized with rectangular volumes 
using GMSH software [11]. A grid independence test was used to determine the 
grid volume size to be used in all simulations. Performed solution was defined with 
h = 0.012  m, hfm = 0.0014  m, Kxx = 2.5 × 10–11  m2 and Kzz = 3.78 × 10–13  m2. All other 
variables were defined according to Table 1. Injection was performed in mold geometry 
of Fig. 1 (without the FM region) and the verification parameter was the total injection 
(4)





(5)ρ = fρresin + (1 − f )ρair
(6)μ = fμresin + (1 − f )μair
Table 1  Physical properties and 
process variables
Parameter Symbol Value
Resin density ρresin 1180 kg/m3
Resin viscosity μresin 0.3 Pa s
Air density ρair 1 kg/m3
Air viscosity μair 1.48 × 10–5 Pa s
Reinforcement porosity ɛ 0.4
Inlet Pressure pin 1 bar
FM height hfm 0.0014 m
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time (ttotal). As presented in Table  3, five grids were tested and the independent one 
was chosen when the relative difference in injection time between two successive 
refinements reached a value lower than 5%. In this case, grid 4 (gray row) in Table 3, 
was chosen. Since the geometry changes for the various simulations, the number of 
volumes will also change, however volume size is kept constant in all grids.
Verification of proposed solution was obtained by direct comparison of the numerical 
solution with experimental data obtained at LaPol/UFRGS. A different geometry was chosen 
to verify that performed grid independence test was valid for all mold dimensions. For that 
verification, the test geometry considered h = 0.0027 m, Lm = 0.01 m and Kxx = Kzz = 9.13 × 10 
−11  m2. All other variables were the same used in the grid independence test. Results shown in 
Fig. 2 demonstrate that numerical solution presents good qualitative and quantitative agreement 
with experimental data results. The estimated injection time, measured at x = 0.3 m, was about 
4.2% higher than the experimental result, what is within the expected error.
4  Results
A rectilinear injection is described in Fig. 1, in a two-dimensional domain, where the FM 
is positioned next to the injection section and above the reinforcement medium. Resin 
advance inside the mold cavity is represented in Fig. 1 by the dark gray region. Since flow 










  Gradients Gauss linear
  Divergent
div(phirb,alpha) Gauss linear
div(rho*phi,U) Gauss linear upwind grad(U)
div(rho*phi,T) Gauss linear
div(phi,alpha) Gauss vanLeer
Table 3  Grid independence test
Difference = 100 x  (ttotali+1—ttotali)/  ttotali, i indicates the grid
Grid nº of volumes Injection time 
(ttotal)
Difference*
1 4641 871 s -
2 10,707 924 s 5.74%
3 14,661 937 s 1.39%
4 17,262 943 s 0.64%
5 21,696 947 s 0.42%
373Applied Composite Materials (2021) 28:369–380
1 3
resistance inside the FM region is much smaller than in the reinforcement medium, this 
region will be the first one to be completely filled with resin. After that, resin starts to enter 
the reinforcement medium both by the left wall (inlet) and the interface between FM and 
reinforcement. This will create an irregular flow front profile and the upper parts of the 
reinforcement will be first impregnated. Flow front profile must become rectilinear (light 
gray in Fig. 1) before resin reaches the outlet section, avoiding unnecessary loss of resin 
and void formation.
Reinforcement permeabilities, in-plane and transverse, are the key parameters to be 
controlled and are discussed in the following sections along with the ratio ψ = Kxx∕Kzz.
4.1  Permeability Kxx/Kzz Ratio Influence on Rectilinear Flow Front Formation
First case study verifies if absolute values of Kxx and Kzz are important or the analysis 
based only on ψ is sufficient. To do this, a given ψ is calculated with different values of Kxx 
and Kzz and the positions where flow fronts become rectilinear (xf in Fig. 1) are tracked and 
compared.
Determination of xf is obtained by the creation of two auxiliary lines λ1 and λ2 as shown 
in Fig. 1. Flow front positions (xf1 and xf2) along each of these lines are calculated as the 
distance of the resin/air interface from the inlet section. At this interface region, mesh 
volumes have resin volume fraction f ≠ 1, thus to better approximate flow front position, 
xf1 and xf2 were calculated by integrating volume fraction f over λ1 and λ2(xf = ∫ fdx ), 
respectively. If |xf1 − xf2| ≤ 1.5 mm , the flow front is assumed rectilinear and xf is defined 
as the average between x1 and x2.
For the permeability ratio ψ = 10 , five different combinations of Kxx and Kzz were 
tested and results are presented in Table 4. Monitoring lines λ1 and λ2 were positioned at 
Fig. 2  Verification of the numerical solution
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z = 0.004 m e 0.0115 m, respectively, h = 0.012 m and Lfm = 0.22 m. All other physical and 
operational variables were defined according to Table 1. Position xf is calculated for all five 
runs and a relative difference D is calculated in relation to run #1. For all cases, D remains 
below 2.5%, confirming the hypothesis that the ψ can be used as a parameter that does not 
depend on the absolute values of Kxx and Kzz.
Another important information extracted from Table 4 is related to the run time tf. As 
can be seen, it varies from 5 s in run #3 to 5320 s in run #2. It is directly related to the 
permeability values and is higher for lower Kxx and Kzz values. Since a given value of ψ 
can be obtained with different Kxx and Kzz values and aiming to decrease simulation time, 
in the following simulations ψ was obtained with larger of Kxx and Kzz values.
As an example, in Fig. 3 is shown resin advance inside mold cavity for run #1 (Table 4) 
at two instants: 3 s and 29 s. It is clear that resin advances faster in the FM region and to 
guarantee a rectilinear flow front at the outlet section, mold length (xf) must be larger than 
FM length (Lfm).
4.2  Rectilinear Flow Front Formation 
The rectilinear flow front formation must occur before the resin reaches the mold outlet. 
Besides, the injection process must occur within the shortest possible time and avoiding the 
formation of air bubbles. These goals can be achieved by the correct specification of FM 
length, which depends on in-plane and transverse permeabilities and reinforcement height.
An extensive investigation has been performed by running several simulations, 
combining different FM lengths with different reinforcement heights. In all simulations, 
flow front is tracked from the injection section up to the location (distance) where it 
becomes rectilinear, i.e., resin position over line λ1 is equal to resin position over line λ2 . 
Five values for the ψ ratio were investigated and obtained as shown in Table 5.
Aiming to generalize the simulation results, some non-dimensional variables were 
defined, namely, non-dimensional time






Table 4  Influence of Kxx and Kzz 







 where i is the run




(m) xf (m) D (%)
#1 1 × 10 −10 1 × 10 −11 55 0.2669 0.2684 0.2677 -
#2 1 × 10 −12 1 × 10 −13 5320 0.2659 0.2674 0.2667 -0.38
#3 3 × 10 −9 3 × 10 −10 5 0.2667 0.2682 0.2675 -0.08
#4 3 × 10 −10 3 × 10 −11 21 0.2671 0.2686 0.2678 0.27
#5 3 × 10 −11 3 × 10 −12 176 0.2732 0.2747 0.2739 2.33
Fig. 3  Rectilinear flow front formation
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where sub index f indicates the time when resin flow front becomes rectilinear.
First analysis was performed for ψ = 10(Kxx = 10 Kzz), and the flow front position is 
plotted as function of injection time for five different mold heights in Fig. 4. Continuous 
curves indicates resin position along line λ1 while dashed curves indicates resin position 
along line λ2 . Resin position is plotted from the injection section ( 
∼
x= 0 and 
∼
t= 0 ) up to the 




xf  and 
∼
t= 1).
All curves for λ1 in Fig. 4 start at mold injection section, 
∼
x= 0, at 
∼
t= 0 , however for λ2 , 
which is close to the FM region, resin quickly advances inside the FM and then impregnates 
the reinforcement medium moving from this region, at z = h (top of the reinforcement 
medium) towards z = 0 (bottom surface of the reinforcement medium). Thus, for λ2 , curves in 
Fig. 4 quickly reach 
∼
x∼ 1 , which represents the FM length.
In Fig. 4, the non-dimensional distance 
∼
x , at the non-dimensional time 
∼
t= 1 , indicates 
the FM size in relation to the mold. As an example, in curves for 
∼
h= 0.13 , it is possible to 
observe that FM length should be approximated 1.5 times shorter than the mold length to 
guarantee a rectilinear profile at the outlet section.
Figure 4 also shows flow advance inside reinforcement medium for the other three ψ 











Table 5  Used in-plane and 
transverse permeabilities values
Kxx [m2] Kzz [m2] ψ
1 × 10 −10 1 × 10 −10 1
1 × 10 −10 1 × 10 −11 10
1 × 10 −10 1 × 10 −12 100
1 × 10 −10 1 × 10 −13 1000
Fig. 4  Flow advance inside reinforced medium for ψ = 1, 10, 100 and 1000




h = 0.08, 0.10 and 0.13 ) simulation indicates that the rectilinear flow fronts occur 
at 
∼
xf ∼ 1 , i.e., FM and mold may have the same length ( x ∼ Lfm ), however for the thicker 
molds ( 
∼
h = 0.2 and 0.4 ) the rectilinear flow front is formed only after the end of the FM 
( 
∼
xf > 1 ). Again, air bubbles were observed in the lower regions of the thicker molds.
In the last two cases, for ψ = 100 and ψ = 1000 , transverse permeability is much smaller 
than in-plane permeability. In these cases, resin advances faster in x direction than in z direction 
and FM length must be much smaller than mold length to guarantee that a rectilinear flow front 
is formed before the outlet section. This has already been observed for ψ = 10 , but now mold 
length is up to 6 times longer when ψ = 100 and up to 25 times longer when ψ = 1000 . Even 
for 
∼
h = 0.08 , the thinner case, mold length for ψ = 100 and ψ = 1000 is about 2 and 6 times 
longer than the FM, respectively.
Void formation is not the subject of the current work, however it is an important issue 
worth to be, at least, briefly discussed. This problem was already reported in the experiments 
performed by Nunes et al. [12]. As an example, it is shown in Fig. 5, for 
∼
h = 0.08 , resin profiles 
at the beginning of the injection and when flow front becomes rectilinear. Due to a scale 
problem (mold length is much larger than mold height) only the entrance region is plotted. 
For ψ = 100 and 1000 this entrance mold region is completely filled with resin. In all cases, 
resin advances much faster in FM region than in reinforcement medium region and voids are 
formed for ψ = 1 and 10 , however this problem does not occur for ψ = 100 and 1000 cases. 
For ψ= 1 a single bubble is formed at the bottom while for ψ = 10 several small bubbles are 
observed. This is a manufacturing problem that may compromise the mechanical properties of 
the finished part and also makes difficult to determine when the flow front becomes rectilinear. 
Flow front position is obtained by integrating volume fraction f over the monitoring lines 
λ1 and λ2 , and when air bubbles are present, flow position along one of these lines may be 
underestimated and the position of the rectilinear flow front is over-estimated. Air bubbles 
may also appear at the top region of the mold cavity, close to the end of the FM as shown in 
Fig. 5 for ψ = 10 and 100 . They are usually smaller than those observed at the bottom region 
of the mold, but they can also disturb flow front determination.
Fig. 5  Void formation: 
∼
h = 0.08 and ψ= 1, 10, 100 and 1000
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Flow front lengths calculated for all cases shown in Fig. 4 are compiled in Table 6. 
From this table it is possible to calculate how shorter the FM must be in relation to the 
mold length. As thinner the mold and smaller the ψ , the longer (in relation to the mold 
length) the FM. Results presented in Table  6 indicate that, for the ψ = 1 , there is no 
major difficulty in choosing the right FM size. Any length, including full mold length, 
will guarantee that a rectilinear flow front is formed before the mold outlet section, 
however voids may be formed as shown before.
When ψ is larger than 1, i.e., when in-plane permeability is larger than transverse 
permeability, an inadequate choice of FM length will result in problems with the final produced 
part. If a rectilinear flow front is not formed, two things may happen: dry regions or waste of 
resin for longer injection times to eliminate air bubbles. It is important to highlight that correct 
FM length is not only an issue for the extreme cases, very small ψ and very larger 
∼
h . For 
most actual situations, where ψ ∼ 10 , even for the thinner reinforcement of 
∼
h= 0.08 , results 
presented in Table 6 suggest that FM length should not be longer than ~ 70% of the mold length.
A clear understanding of the quantitative results presented in Table 6 can be obtained 
based on Fig. 6. It shows a linear relationship between mold to FM length ( 
∼
xf  ) with the 
reinforcement thickness ( 
∼
h ) for each value of ψ . This linear behavior is an interesting 
characteristic that makes it possible to extrapolate results presented in this paper to 
many other combinations of 
∼
h , ψ and 
∼
xf .
Table 6  Compilation of 










0.08 0.10 0.13 0.20 0.40
1 1.072 1.091 1.120 1.179 1.368
10 1.318 1.396 1.529 1.808 2.566
100 2.356 2.727 3.272 4.197 6.841
1000 6.571 7.713 9.661 13.820 24.816
Fig. 6  Flow front formation as a function of reinforcement thickness
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5  Conclusions
In this work, the most suitable FM length in resin injection processes has been investigated, 
so that a rectilinear flow front could be formed just before the resin reaches the outlet 
section.
The use of an in-plane to transverse permeability ratio, ψ , was found to simplify the 
analysis by reducing the number of numerical runs needed to solve the problem. For a 
given ψ , resin advance behavior was found to be independent on the absolute values of 
Kxx and Kzz. Injection time changes with the chosen Kxx and Kzz values, however position 
where the rectilinear flow front is formed ( 
∼
xf  ) is a function of ψ , only.




h , have been defined for flow front position 
and reinforcement thickness, respectively. With these variables, a large data set has been 




h graphics used to evaluate the mold length in relation to the FM 
length. A linear relationship between these two variables was observed for a given value of ψ , 
which is an interesting result since the predictions can be easily interpolated (or extrapolated) 
to values not reported in this work.
Results have shown that for ψ = 1 , FM length can be equal to the mold length, which 
is advantageous in terms of minimizing the injection time. However, air bubbles were 
observed in some simulations, thus a shorter FM may be an alternative to minimize this 
problem.
For the cases where ψ > 1 , results indicate that FM length should be shorter than the 
mold length. The variable 
∼
xf  , that represents the ratio between the distance where the 
rectilinear flow front is formed and the FM length, increases with mold thickness and with 
ψ . Values of 
∼
xf  can be as large as 25 for extreme cases where ψ = 1000 , but even for more 
practical values, ψ ∼ 10 , 
∼
xf  varied from 1.3 to 2.5 from the thinner to the thicker studied 
reinforcements. These results indicate that FM length is an important parameter that must 
be properly determined.
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